A system that integrates on hydrogen-base all of energy on propulsion and power needed in a space transportation system is one of mechanisms for operating reusable space transportation system frequently. In this paper, the concept design for the integrated system is presented to discuss the effectiveness of the system. As evaluation functions, (1) weight, (2) cost, and (3) turn-around time (operability) are considered. Modeling of the energy system is conducted focusing energy flow and connections between elements that configure the energy system. Assuming a space transportation mission and regarding the required energy function in the mission as boundary conditions, conceptual designs of the integrated energy system using the developed model are performed. There is a trade-off relationship between the three evaluation functions. For weight reduction, integration of fuel species and the scale of the energy storing elements, those are an accumulator and a battery, is effective. For reduction of the turn-around time, toxic fuels have to be removed. An adoption of batteries reduces the number of connections between the elements so that it contributes to improvement in operability. As for cost, the part related to the manufacturing depends on weight and that related to the operation does on the turn-around time in the present cost model. Hydrogen and oxygen-based integrated energy system, although additional elements are to be necessary and a disadvantage in terms of weight is caused, is effective in reducing the operating costs and the turn-around time in case that a large amount of high frequency transport is desired because it is possible to improve the operability significantly.
Introduction
In order to make space utilization more public, transportation cost to the orbit need to be decreased. So as to reduce the space transportation cost, it is necessary that present expendable transportation system be replaced with reusable one. However, it is not enough that the system can be just reusable. The space transportation system has to be operated frequently like airplane. Though the US STS is reusable system, it cannot be operated frequently, which resulted in that the transportation cost with United States Space Transportation System (Space Shuttle) was not reduced.
One of lessons learned through the operation of the US STS is that usage of several kinds of fuels including toxic gas for propulsion and power system caused lower operability. The usage of several kinds of fuels made fueling operation cost increased. In this paper is presented integration system of propulsion and power for the space transportations system as an idea towards this issue. The integration system of energy on propulsion and power is the system in which all propulsion and energy needed in the space transportation system is provided with only single kind of fuel. This system is common in general transportation system such as airplanes and automobiles. Providing all energy with a combination of liquid hydrogen (LH2) and liquid oxygen (LOX) of fuel for main propulsion is considered in this research. Figure 1 shows a conceptual drawing of the LH2/LOX-based integration system on energy on propulsion and power of the space transportation system. Because there is no need to fueling several kinds of fuels, it is expected that the cost for fueling can be reduced. And also, non-use of toxic gas contributes to low operation cost.
In this paper, a conceptual design of the presented integration system of energy on propulsion and power is conducted. The designed systems are evaluated through three parameters that are weight, cost and turn-around time, and effectiveness of the system is discussed. Fig. 1 . A conceptual drawing of the LH2/LOX-based integration system on energy on propulsion and power of the space transportation system. Figure 2 shows a conceptual drawing of an approach of the conceptual design of the integration system. Assuming a space transportation mission, energy functions and the qualitative performance the transportation vehicle needs are determined. It is the issue considered in this paper how energy sources and energy transfer elements should be connected to comprise the energy system that meets the demanded functions and performance. The considered functions are followings: (1) Main propulsion, (2) Orbit maneuvering propulsion, (3) Attitude control propulsion, (4) Mechanical power production and (5) Electric power production. The evaluation parameters are weight of the system, cost for development, manufacturing and operation of the system, and turn-around time of the vehicle for evaluation of the operability.
Conceptual Design Method

Approach
Modeling
Component model
As for the elements of the energy system, balance of substance and energy is considered as shown in Fig. 2 . Energy that has a state parameter, X in , is converted at an energy element to one that has another state parameter, X out , and then is transferred downstream of energy flow. Because the demanded functions and performance at most downstream are given herein, calculations of state parameters of the energy elements are conducted from downstream to upstream on the energy flow. The state parameters, X in , which are needed at the energy conversion elements, are calculated from X out . Here, the state parameters include pressure, mass flow rate, temperature, electricity and so on. The kinds of state parameters depend on the energy conversion elements. Exchanging heat and work with the outside is also considered if needed. Table 1 shows the modeled elements, the state parameters that are treated in the elements, the models of the state parameters and the weight estimation models of the elements. The models of the state parameters are made using the data of the existing elements. The weight estimation models are made using the data of the existing elements and WATTS 2) that are generally used for estimation of space transportation systems.
Cost model
In this research, TRANSCOST 3, 4) model, which is a well-known model for estimating cost of space transportation system, is used for the cost estimation model. The model treats vehicle and propulsion system of a wide range of system including manned spacecrafts and advanced airplanes. This model is created thorough statistical processing on development, manufacturing and operation cost of many rockets and spacecrafts developed and planed in the US and Europe and so on. In the TRANSCOST model, the development cost, C d , and the manufacturing cost per a vehicle, C v , are expressed respectively as follows; (1) (2) Here, a and x are coefficients that depend on the treating vehicle and propulsion system, M is the weight of the stage or the engine of the vehicle. The coefficients, f 1 , f 2 and f 3 affect estimating cost, which depend on the technology level, the quality and the experience of the development team, respectively. f 4 is coefficient presenting cost reduction through mass production. The effect of the cost reduction of manufacturing nth vehicle is expressed using learning factor, p, as follows; (3) p is also determined by the vehicle weight and the number of the production of the vehicles. As the number of the manufactured vehicles is fewer, p becomes nearly unity. From equations (1) and (2), it is shown the development and manufacturing cost largely depend on the weight in this model.
Operation cost, C o , is calculated as a summation of ground facility operation cost, propellant cost, flight and mission operation cost and recovery cost. Using annual launch rate, L, the operation cost is expressed as following form; (4) Total cost, C total , is expressed as a summation of the development, manufacturing and operation cost, (5)
Turn-around time model
Turn-around time is modeled as follows; determining necessary ground operation items and reference work time needed for each of the items, the work times are changed by the integration manner. A series of operation during turn-around are divided to six operation pahses; the ground operation, just-after-landing, moving from the landing pad to a maintenance facility, maintenance, fueling, final preparation. Besides, these phases are divided to more detailed working items 5, 6) . Table 2 shows the working items considered in this paper. 
Here, α i is a weight coefficient presenting effect of the integration. Table 2 also shows parameters that affect α i . The "number of connections" is the number of connections that are needed in the elements of the designed integration energy system. As the integration system has more connections; i.e. the number of connections are large, it can be considered that the necessary time for the operation increases. The "number of hydrazine-usage-components" is the number of components that use hydrazine propellant. It is considered that much working time is needed for handling hydrazine propellant that is toxic gas. Defining number of hydrazine-usage-components in the considered integration case as n, and that in the reference case as n ref , the working time of the considered case becomes as (1 2 ⁄ ) � − � times as the time of the reference case. Considering that the installed fuel is empty at the operation of the moving from the landing pod to the maintenance facility, only dry mass weight affect the needed time of the moving.
Verification of model
In order to validate the presented model, the model was applied to a space transportation mission that assumes the US STS. Table 3 shows demanded functions, and fig. 3 shows a block diagram of the energy system. Comparison between the estimated results and the values of the real US STS is presented at Table 4 . The orders of the values agree with each other although there is a little difference. It can be considered that the present model is enough to discuss the characteristics of the integration of the propulsion and power system at conceptual design level. 
Evaluation of Integrated System of Propulsion and Power
Assumed space mission
In this paper, "construction of space solar power system (satellite), SSPS on GEO " is considered as the assumed space mission. According to 7), the practical SSPS weighs 30,000 ton. It is considered in this research that necessary 30,000 ton-material is transported in five years to the low earth orbit by transportation vehicles whose maximum payload weight is 20 ton. The demanded functions and performance are same as shown in table 3. The reference energy system is same as shown in fig. 3. Table 5 shows propulsion and power system cases examined in this paper. These cases are selected considering reduction of kinds of propellants, non-usage of toxic gas and decrease of number of operation work items.
Considered cases of integration of propulsion and power
Results and discussion
Compensation of increase in energy system weight
If the weight of energy system increases, it is necessary to increase the fuel because the increase must be compensated. Besides, the weight of the structure also increases for the increase in the fuel, and then the increase in the structure increases the weight of the fuel. A weight-increase-spiral is generated. In this paper, this influence is considered as follows. Defining the weight of the fuel for the main propulsion in the reference system as m p0 , the structure weight as m s0 , variations in the fuel and the structure at changing the energy system as ∆m p and ∆m s , respectively, and the additional fuel weight that is needed as m pa , eq. (7) can be expressed using specific impulse, Isp, because necessary change in velocity (delta-v) is constant,
Here, Isp is specific impulse. m pa is calculated for each case using eq. (7) and is reflected to the evaluation of the weight. Actually, the additional structure weight, m sa , according to the additional fuel weight m pa should be also considered. However, because m sa can be modeled to be proportional to m pa , the only consideration of m pa is enough to evaluate the trend of the influence of the weight-increase-spiral. Consequently, it is proved that the weight of case 7-15 and 20-23 increases extremely. Therefore, in the following discussion, these cases will be excluded. Figure 4 shows the results of the calculations of the weight, the cost and the turn-around time. The values in fig. 4 are normalized by the values of the reference case. Case 18 makes the total cost minimum. Figure 5 shows the energy system diagram of case 18, where mechanical and electrical power are integrated through fuel cells, the fuels of the OME and the RCS are changed to GH 2 /GOX, and the accumulators for the fuel cells and the OME are integrated. Table 6 summarizes the system of case 18. Though the weight is larger by 20% than the smallest case, it has lower total cost by 15% (equivalent to about 44 billion dollars) compared to most costly case and shorter turn-around time by 40% compared to the longest case. The development cost in the present model depends on the weight of the system. The manufacturing cost depends on the quantity of manufacture, or launch rate, which depends on turn-around time. Therefore, the turn-around time has to be improved in order to suppress the manufacturing cost. And also, the operation cost depends on the launch rate, or the turn-around time. These relationships are shown in figs.6-8. The case that has the most expensive total cost has the longest turn-around time, and the case that has the most inexpensive total cost has the shortest turn-around time. Comparing the order of the total cost with that of the turn-around time, both of the orders are generally consistent with each other as shown in fig.9 . This suggests that it is necessary for the space transportation system operated at low cost to reduce the turn-around time largely.
Findings related to cost
Findings related to turn around time
The usage of the toxic propellant has most influence on the turn-around time. Figure 10 shows relation between the amount of hydrazine fuel and the turn-around time, in which it is seen that the turn-around time is reduced by about 40% without the use of hydrazine fuel. And also, the integration suppressing the number of the elements has better effect on the turn-around time. In order to suppress the number of the elements, (1) the fuel tanks of same kinds and phase of fuel should be integrated, (2) the batteries should be used in case that the demanded performance is small relatively. In that case, the number of the elements can be reduced without additional elements such as accumulators. However, use of the batteries affects positively only in the case whose required energy is small. It is noted that the weight of the batteries becomes extremely large, which results in failure of the system.
Findings related to weight
In order to suppress the weight, firstly, hydrogen and oxygen fuel should be used instead of hydrazine because the fuel weight can be largely reduced.
It is possible that the structure weight is increased in the case that additional accumulators or batteries are needed. The accumulators are necessary in the case that hydrogen and oxygen fuel are used, and heat exchanger and batteries are necessary in the case that gaseous fuel has to be generated from cryogenic liquid fuel. The additions of these elements tend to make the weight increased. Figure 11 compares the dry weight of the system of each case. The cause of the increase in the weight is the additions of such elements as accumulators. This means that the integration of the components that uses hydrogen and oxygen fuel increase the dry mass in contrast to the fuel mass.
The fuels of same kind and phase should be integrated into a large tank. As mentioned above, the integration of the fuels that have same kind and phase is favorable in the viewpoint of suppressing the turn-around time. If the system has several fuel tanks, integration of the fuels into a larger tank makes more suppression of the weight increase expected.
Further suggestion for more efficient system
Increase of the number of the connections needs more turn-around time because of checkouts for leaks at the connections, and causes deteriorations in the operation cost. Efficient manners of the checkouts, such as health monitoring system, are desired. If the working time for the piping connections is reduced by a factor of ten, the turn-around time can be improved by 39%.
In the present space transportation system, relatively much time is used for the fueling. If the fueling rate is made more quickly by 10 times, the turn-around time can be improved by 14%.
It is recommended that the maintenance operation without moving be considered. In the maintenance operation of the US STS, the vehicle must be moved to the maintenance facility that is away from the landing pod. However, the moving operation increases not only the turn-around time but also risks of accidents and troubles. If the moving operation is eliminated, the turn-around time can be reduced by 6%.
Conclusion
In this paper, the integration system of the propulsion and power for efficient operation of the space transportation systems like automobiles and aircrafts was introduced, and the energy system model that can deal with the integration and replacement of fuels and elements was developed. Applying the presented model to the space transportation system for building the SSPS, the effectiveness of the integration was evaluated in the viewpoint of weight, cost and turn-around time. The integration case that had the most inexpensive total cost, or the life-cycle cost, has also brought the smallest turn-around time though the additional weight was caused. In order to realize massive and frequent space transportation with low cost, it is indispensable to reduce the turn-around time. The use of toxic propellants affects the turn-around time.
Reductions of the number of the elements and the connections, for example the integration of fuel tanks that have same kind and phase, are also effective on shortening the turn-around time. As for the weight, the use of hydrogen and oxygen makes the weight decreased. It was proved that the addition of batteries and accumulators caused increase in the weight. Several suggestions for the system design and the operation, which include the reduction of the duration for checking-out of the piping connections, shortening the duration for the fueling and the maintenance without moving the vehicle, are conducted.
Future works are as follows. − Making the model more precise and detailed. − Making the demanded functions multi-dimensional, such as considering several flight and operation phases. − Considering several evaluation parameters. Table 5 . Considered integrated system cases.
Case number Summarized comment
